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Thehi~temporalandspatialresolutionofslltelliteoceancolorobscrvationswillpove 
invaluabk for monitoring the health of cogstal ccosystans whexc physical and biilogid 
variabiliry demands sampling scales b e y o n d  dud possibk by ship. However, octan color remott 
sensing of Case 2 waters is a challengbg undataking due to tile optical unnpkxity of the water. 

chesapedre Bay (a) and a d ! !  mid-Atlantic bight (MAB) watas for use m algodm 
development and v a l i i  effolts to improve the sadellite mrievd of chkkophyll (chi u) m Case 2 
w m .  CB jmwides a valgable site for validation of data fmm ocean color stnsols for anumber of 
reasons. First, the physical dimensions ofthe Bay (> 6,500 km2)make retrievals h n  snt~llites 
with a spnthl resolution of -1 lun (ic. SeaWiFS) or less fie., MODIS) mwonabk fbr most of the 
ecosyste~1. secoad, CB is highly mfluen#i byfkshwater flow fiom major rivers, making ita 
classic Case 2 water body with s i g n i i  concarb.etions of chlaophyll, particulates and 
chmmophmk dissohrcd organic matter (CDOM) that highly impact the shape of dkdancc 
spectra. Finally, past and ongoing W effds provided an extensive data set of optical 
observations that support the goal of this p r o j e n  

'Ihe focus of this SIMBIOS suppopt has been tu p v i d e  in sihr optical - fiom 

Our SIMBlOS contribution has #he following objectives: 

0 To provide to M A S S  an on-going stream of in-situ optical measurements fiom 
CB/MAB for use by the ocean color community in the development and validation of 
a t m w -  - andoctanbio-opticalmodels; 
To evaluate the performance of SeaWiFs bio-optical algorithms in C B W ,  
To evaluate the perfixmawe of SeaWiFs LWN and chl u products in CB/MAB on a wide 

To u t i l i i  our bo-optical dambase to develop a regionally-tuned algorittUn for CB/MAB; 
To produce accurate satellite chl D fields that can be used in existing primary productivity 
models (Hading er ul.. 2002) to impmve the spatial and temporal resolution of primary 

0 

0 

0 

0 

range of time and space scales; 

productiviryestimatesforcB/MAB. 

RESEARCH ACTIVITIES 

Field Program 

Throughout our SIMBlOS support we have maintained a seasonal (ie., spring, summer, fall) 
sampling schedule in CB proper that started in 1995 with the NSF Land-Margin Ecosystem 
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Research (LMER) program Trophic interactions m Estuarine Systems (TIES) aUisff(1995- 
2OOO) and continued with the NSF Biocomplexii cruises (2001-2003). In addition, five separatety 
knded Office of Naval Research (ONR) cruises were conducted m adjacent ofhhne watas 
including coverage to the Gulf Stream. A11 cruises collected the same suite of -. 
Vertical profiks of downwelling irradiance (&) and upwelling radiance (L) wue pefiamsd v& a 
Biosphaical InSrnmrmeS MER 204ORW1. Disrrete samples of Pgiticulatc and dissolved firctions 
wert collected for damnination of absuption specha of phytoplankton, a&, nowpigmated 
particulates, aA;n). and colond dissolved material, aamr(l). Discrebe particulate sasnpks w a e  
collected fbr pigmatt analyses of chl a by fluommay and a suite of pigments by HPLC. 
Radiometric - pofikswae used toca)culateattenuation codfice fordownwellinginadi8jlcc 
(Kd) and mw nd- (KIh and surfkce d I J S  OfEd 
simple liDear regression. lnstnt-t s e l f - M i  C o h  were applied to ercb L# accaai to 

L (Jw u s  rwpsctively) by 

Gordon and Dbg (I 992). 

In 2001 we expnded oursampling protocol to include two new radiometric hmmmts, the 
s a t i a n t i c M i c r o P r o ~ f i l l r a d i o ~ a n d t h e S a t l a n t i E H ~ T ~ S p e c b a l  
Radiometer Buoy (Hyper-TSRB). The MicroPro is designed for work in morc mbii waters with a 
small sensor cross-sedion, and is su%i~iently compact to allow deployment fia small boats. The 
Hyper-BRB mtesures surfact Edand L,witfia 12khannel detector from 4OOto 8oomn.<)n each 
cruise in CB, sequential radiometriC profiles weae made with the MER (typically one cast) and 
M i c m h  (2 to 5 casts). All tests were completed within -5 to 8 minutes, depending 011 the number 
of MicroProcastsdratwat made. The TSRBwasdeployed prior to the r a d i i  prafiks and 
continuously operated whik on station. Since 200) we also have been using a M h T o p  sun 
photometer h n  the SlMBlOS insbument pool to measurt aaosol optical thickness. 

In 2002 and 2003 we pc l t t i c i i  m six EPANASA Atlantic Coast Emarks lndiatm 
Conscntim (ACE l?UC) auksthat sampled t w o t r i i  ofCJ3, the patuxentad 
Rivers. ACE INC anises colkaed the same suite of megsltrcments as the LMER-TIES and 
Biocompkxiry guises, with the exception t h a t r a d i i c  profiles of& and L, wae l i m i i  totfie 
MicroProbeawseofvess+llimM. 

We have submitted over 3000 in-sifu measurements to SeaBASS, significantly expsndmg bio- 
optical data for Case 2 waters (Table 1). Data from summer and f i l l  cruises of 2003 Will be 
submitted prior to the end of this contract. We also participated in the CHORS/Hom Point 
Laboratory HPLC Round Robin. We worked together with Jason Ped to identi@ and m m i m k  
methodological and instNmeat diff- between laboratories such that an intenrally cornistent 
pigmentdatabesecoukibemated. 

We have evaluated the pedimnance ofthe empirical algorithm OC4v.4 (O'Reilly ct d. 1998) 
and the semi-analytical ~ ~ - S ~ I - M ~  (GSMOI) model (Maritorena et d., 2002) for the 
CB/MAB, using b-cal data collected during from SIMBlOS. This entailed using &mal b i e  
opticai data as input pmunetm to GSMOI, specifically die chl o-normalimed absaption, a@*(l.), 
and spectral slope of the combined absorption of dissolved and non-pigmented particulate matter, 
S b  to produce a regionally tuned version of the model that we termed GSMOI-CB. We 
subsequently modified the native GSMOl parameters in the SeaWiFS Data Analysis System 
(SeaDAS) code to evaluate the performance ofthe GSMOI-CB using satellitederived radiances as 
input. 
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We have continued acquisition and analysis of SeaWiFS ocean color imagery fknn the 
Goddard Distributed Active Archive Center (DAAC) for CB/MAB. Approximately 100 clear 
images are available each yeat h 1 W W .  We have used irr-sdu data to validate SeaWiFs 
perfonnanoe in match-up analyses and comparkm with continuous underway mammmn&. A 
threeyeartimes series (1998-2000) has been used to determine the extent to which SeaWiFs 
resolves seasoarrl a d  interann ual Variability of chl a evident in tbe in-situ data. 

Expansion of our rad- measurernerd suite allowed us to evaluate perfimnmce of each 
profiling in- m nearly simuleaneous (ic. within minutes) deployments. The MicropFo is 
more suitabk for wodc m Case 2 waters dran the MER due to: (1) smaller diamcta(MiaoPro4.8 
cm relative to the MER 2 1 cm) that reduces instrument self-shading; (2) higher sampling fiequglcy 
that gives @eaterdepth resolution m waters where& is high and slight cbanges in e depth ofthe 
sensor have a lafgereffect on the measunmm. Ihe MicroRoexhibited clear- m 
waters with highex & The i m p v c d  depth resolution of the M h P m  (-25 
meter) compated tothe MER (-10 measurememts per e) compensated forthe shallow apical 
depths in CB wherethe depth range available forthe exErapolation intend was limited tothc uppa 
4 m (or kss). Measurements of E&* fiuin the M i m h  were much easier to reconcile with surf& 
irradiancemeesuramnts (&)dm w a t t h o s c b  the MER, which exhibited an heasingbias 
& incmad. Measurements 0fL.U fiam the MER and MicroPm also showed ina#rscd 
d i s a g r e a n e n t a s K d ~ . B a s c d o n a d v ~ o f t h e M i c r o P n , o v e r t h e M E R m ~ s o n s  
ofEd+ and E, we fitl confident that the MicroRo measuranents ofUT are mort axmate thin 
the MER fottbcCase2 waters in which we worlc. Lastly, the inueased depth resoluticm ofthe 
M i m h  reduced the cffkcts of small changes in the selection of the depth interval OD the 
calculated & K,,, E#, and L,#. The M i m h  also allowed us to expand our diametric samplmg 
to more turbid waters of the tribuearies, and has improved measurement capabilities m the upper 
reaches of CB. In addition, these comparisons of the MER and MicroPn, indicated sborrg 
agreement m the cleam waters of the mesohaline and plyhaline CB, confirming confidence in our 
multi-year time series of radiometric measurements with tht MER in the CB/MAB. 

per 

Characterkation of Biosprical Properties in C k s q e a k e  Bay 

Distributions of inherent optical properties m CB/MAB showed the strong influence of 
kshwater fiow drat complicates rcbievals of chl a from satellite ocean color me9surements. 
a,&VO), w&‘O), 4440) ranged fiom 0.1 to 1.0 m-’ in CB, and wcre an orda of magnibde 
bwer in the MAB. Whereas ad440) dominated m uppcr CB, the magnitudes of a&440), 
* d 4 4 0 ) ,  ad(440) were comparable m the mid- and lower CB and inshore MAB. -440) 
dominated water column absorption in the offshore MAB. The distribution ~&440)  was 
conservative in CB proper, due to its predominant terrestrial origin. a,,t,(440) and d440)  were 
subject to much higher spatial variability. The distribution of dissolved and particulate materials 
regulated the magnitude and spectral Strape of apparent optical properties such as the attenuation 
coefficient for downwelling imdiance, &, and the remote-sensing reflectance, Rm. 



oC4v.4 Algm*thm Evdnution 

'Ik distn'bution of inherent optical Properties had a pronounced e&ct on the perfannaoce of 
OC4v.4 m CB/MAB (Fig. la). OC4v.4 & chl a estimates for CB that had a small positive 

u occumd in the MAB Wtrere too mush of thetafal absorption was attributed tophytaplanktm. 
Matchups of !SeaWiFS &I a with in-situ data showed a Iargex positive bias in CB than obsavcd 
for OC4v.4 applied to in-sim radiometric suggesting SeaWiFSdcrived r a d i i  introduced 
additiotlal mrs (F& Ib). whaeas the f d  SeaWiFS ~!~mcessing ksscned tbe fiesuency of 
negative L m  txmpdms of in-siru and s a t e l M v e d  L- as part offhis w a l ~  and rdhas bave 
shown that low and ne@vet,,,,fiom SeaWiFSranaina problem m cuad  ad eshrrrrinewatm 
(Hading 
CB, amsing the retrrm o f h i i - t l m x b m d  &I u values by OC4v.4. The b& of haeased bias 
in chl ofopmatd~-upsfiunthe MAB suggestderors in SeaWiFS chl u could beatcributed 

bias and high uncatamty - , d k t h g t h a t U *  ocw~r, &did n o t ~ v a ~ ~ .  A @positive b h ~  Of chi 

nl, 2003; O'Reilly and Yakr, 2003). SeaWiFS L w  at 'blue' wavebads arq: bw m 

primarilyto m v . 4  radrathan errors in atmospheric comcti6n. 

High uncertainties we detected m matchup analyses of in-sinr and SeaWiSS chl u restricted 
the usefklness of SeaWiFS data fmCB/MAB,stimulating addiional ~MIYSCS to lessen trmaspace 
aliasing we believed was responsible. High tieguency and smalEscak variability of biomass typical 
of e!amnes - virtually Bssures ti-- alissing of satellite obsmations and in-situ V t s .  
To minimike aIiaSing, we compared continuous shipboard measurements of chl u were to SeaWiFS 
chl a along ship traclcs to evaluate the extmt to which SeaWiFS d v e d  variability 011 d l  
spatial scaks. We f d  SeaWiFS accumtely capturd small-scak (tens-of-kilomdas) wwi&liry 
m the mesohaline and polyhaliae regions of- (Figs. 2 and 3) (sa Hading ad. 2003). 
lnneascd noise inchlo with dktancc northctmqmdd to shsrpgrdiamof&. Wesuspccttbmt 
~ m a g n i t u d e o f ~ ~ ~ o f t e a ~ ~ ~ l i m f o f s a r s i t i v i t y f o r t h e S e a W i F S ~ m  
turbid waters with high &typical ofmesohaiine and oligohaline CB, t k d y  limiting the IY#BICY 
of chl arctrievals. 'This gradient ofRmwas pasistgd in the imagery and was wggcskd in field 
radiomcbic rneasmmum. Comparisons of sewed transects suggested axial movememt of this 
gradient of Rs oouM determine the a n d  extent of accurate dd u retrievals. 

Our evaluation of the 1998 - 2000 SeaWiFs chi a time series demonstrated that SeaWiFS 
accurately represented seasonal and interannual variability of chi o revealed by in-sitat data (Fig. 4). 
Previous reseamh has shown that the timing, position, and magnitude of the spring bloan am 
regulated by kshwater flow from the Susquehsnna River, supplying nutrients and susparded 
matter to CB (Malone et al., 19W, Wing, 1994). We found that positive d e v i  oftlow in 
199% resulted m a  large spring bloom thatexteodedto the polyhalineCB, shown m both satellite 
imagery and in-sihtdata. Measunments of &lo m 1999, a year of lowet-than-aveqp frcshwata 
flow, showed a smaller bloom that was confined primady to the mewhaline CB. Lady, average 
freshwater flow in 2000 suppotad a bloom ofintermediate magnitudethatcxkndcdthrollghoutthe 
mesohaline and partofthepolyhalhe CB. Asobserved in transect data, the -0fSeaWiFS 
and in-situ chl a i m p &  with distance down the Bay. These comparisons with in-situ data 
mnfinn that SeaWiFS chl a nttievals are ceaSOnable and can significantly augment the temporal 
resolution of shipboard measurements. 

The benefit of increased temporal resolution afforded by satellite observations was 
demonstrated in the three-year time series of chl u (Fig. 5). Mean, daily chi u for a section of 
plyhaline CB indicated several doublings over a period of days in summer that wcre not caphnsd 
by in-situ observations. We hypothesite that these doublings could be associated with short-lived, 



but dense blooms of dinoflagellates that have been observed before during stratified conditiolls m 
summer. The sedimentation of organic matterfiom the spring bloom fuels at least 50% of the 

summer pycnocline p w i d e s  the nutrients to suppoxt these short-lived summer blooms (Malone et 
d9 1986,1988). The higher fiesuemy of tbese events m 1998 and 2000, c o d  with 1999, 
may indicate ac0N)eCtion between dKse transient blooms in summer and the magnitude ofthe 
spring bloom. F m b s t u d y  is neecled totesttbishypdesis 

primary productivity m surface waters (Ketnpand Boynton, 1984). Transient destratificatioaofthe 

Semi-anatytical models such as GSMOl h e  the potential to distinguish multipk ooastituads 
ofthe wagrcokmn Umt absorb and scatter ligbt. This attrihte is Ctllcial fotsccunrbe rabievalsof 

of GSMOl was based OII in-sitn chl u ioopticaily-amphwrdm. The original- 

rrl, 2002). we hypohmd - t h a t E g i o n a I p a r a l n ~  was neccssq to imppvethesocmscy 
of chl u rdrkvak m CBIMAB. 

. .  
Observatnms fium Case 1 waters and optimized forperfonnanct m the global octan (uaritorara et - .  

We evaluated our extensive data set of in-sirtr observations to derive q i o n a l l y  d sawnally 
(*appsOpnrrte - ) values for u+*@ and S b  b produce a regional version of the model, GSMOI- 
CB (Tabk 2)  (see Magnuson et ai.. 2003). Regional differences of u**O were significant acms 
the studyam fiom the uppa, oligohaline CB~othe o f f h  MAB. ufi (A) incmsed withdistace 
offshom. This trnd of increasing can be explained by two fiwtm: deaease~ of pi- 
packagingandinatascsmconcentrationsofaccessorypigmarts(Y~andPhiaaey, 1989; 
Bricsud el d., 1m). We also found significant seasod diffmccs m mean 
ami~pimeri~tochangesm~lcomposit ionsndassociatedchsngesmpigment~.  
Highest +*&I occumd in Sping when phytophnkton in CB consist primarily of large cdls @e., 
Ccntcjc diatoms) (Mslont et d., 191#1, Marshall and Nesius, 3996% Lowst +*a d in 
summu when 
d., 1991; Marshall d Nesius, 1996). S b  exhibited an increasing hpnd with distance oflibam, 
reflecting the deawse m the influence of tenigenous CDOM (Blough et d., 1993; Nelson and 
Guarde, 1995; Vodecek et d., 1997). Small, but significant differences m S, along the axis of CB 
r e f l e c t e d c h a n g t s m d K r t l a t i v e ~ b u t i o n s o f ~ ~ a n d ~ ~ ~ .  

m CB that we 

umsist of a mon divase flora of smaller, flagelW cells (Makme et 

Evaluation of chl u from OC4v.4, GSMOI, and GSMOI-CB for CB, inshore MAB, and 
offshore MAB showed drat GSMOI-CB improved upon OC4v.4 in all r e g k  (Table 3). The I d  
panuneterization was essential to improve Perfmnance m CB. Both GSMOl and GSMOI-CB 
showed improvement over OC4v.4 m the MAB where they specifically Bccounted for high 
absorpth due to CDOM. Analysis of SeaWiFS products using each model supported results of 
evaluations using in-situ &as inputs, specifically that: (1) one or both of the semisnalyticll 
models paFormerf as well or better than OC4v.4; (2) both semi-analytical models clearly irnpwed 
upon OC4v.4 m the offshore MAB (Fig. 6). Disllgreanen t behvea the in-situ 
model estimates for the inshat MAB likely r e b t  a sampling bias as in-sirv obsavatians w 

- a n d  

COncentraQed nearthe chesepeake and DelawareBay mouths where cbl u are genedly hi& 
whereas mean chl Q fiom SeaWiFS qresented the entire inshore region. Disregdii in-siru 
values, both semi-analytical models rehuned much lower mean chl u for the inshore MAB than did 
OC4v.4, and GSMOI-CB chl u were lower than GSMOl chl u, consistent with mutts Otrtained 
using in-sihr data as input to the models (Table 3). The semi-analytical models leturn estimates of 
~ ( 4 4 3 )  and b4443) in addition to chl u. Estimates of 4 4 4 4 3 )  were closer to m-siru values than 
were estimates of chl u (Table 3). Meanmgful evaluation of the bd443) product was ad possiWe 
due to the lack of direct rneasumnents of scattering. Relatively high uncertainties remained for all 
models, reflecting the difficulty of working in bio-optically complex waters. It is notable that the 



performance of GSMOl was Surprisingly good, considering the parame$erizations diffbed 
significantly fFom bio-optical Properties of CB. 'fhe datively strong pedonnance of GSMOl in 
CB likely dects the robust tuning proceduresused by Msritorwa eta! (2002) to derive global 
pmmetem fm GSMOl . 

6 

CONCLUSIONS 

It is d end neces(jary to llsscss the pcdommx of satellite products at various stages to 
recognize limibitions, as well as to demonstratesrrengths and identi@ the types of -for 
which ammt pmducts are suitable. We have made use of an extensive daEabnse of b- 
-to provide several different evaluations of h W i F S  &bmumce. We ban 
identified sevaal hctorstbat inhibit the acamy ofthe SEandard chl upnniuq including (1) use 
of an empirical algadun that does nat account for all of the absorbii and sumaing wnpmmts 
of tbe - cohwn; (2) atmospheric * corredioPerrorsincoasEalwatersresultingmlarvsatcllik 
rad- (3) &S signals appmmchmg the low sensitivity limB of tbe sensor. Nonetheless, the 
importanceofthmefpctors lesmed, andSeaWiFSrecoveriesrmpwad,with bwsingwsta 
clarity. Wefoumdthat m mesobalii and polyhaline CB, SeaWiFS accumtety and reliily 
represented seasonal and interannual variability of biamass, rtsolved event-scak phenanavldvlt 
were missed m our fieM sampling, and msolvcd small-scale (ie.. tenssf-kihnems) regiaRal 
variability. We =encouraged by OUT initial attemptst0 improve chl u estimates bytminga sun& 
analytical model far regional conditions. We m exploring modifications to the 

bomdark Imprwements m SeaWiFS radianrsalsowill be necessary for maximal pafamsnce 

. .  
that could kssen the use of abnrpttransitioas inparamctervalues at seasonal and I q $ o d  

ofsemi-analytical models m case2 wetas. 

Figure 1. Comparisons of in-situ chl u to: (a) mean chl u estimabed fmm OC4v.4 applied b s i t u  
&(b)bWj= Febievals of chl u. SeaWiFs values repment the mean of a 3x3 pixel box 
centered on tbe stlltion location for in-sihissmplmg. A chl u match-up was COllsidQed valid if 
the satellite observation and in-sinrmeasunment o c c u r r e d  onthe Sameday,dhalf(S wtof  
9) pixels m a box centered on the latitude and longitude of the sampling station rchnned valid 
estimates. The original matchup dataset oontained over 1400 chl a obse~~ations. Mean ratio = 
SeaWiFS chl a I in-situ chl a. 

Figure 2. R&55 and chl a from h W B  for aCB scene, I5 October 1999. The white lmeS 
superimposed on these images give the ship track far concumt measurtments that included 
bo-optical -. Vertical line at - 150 km marks the time of the satellite pess. 

Figure 3. (a) Compiwn of in-situ and SeaWiFS chl a; (b) SeaWiFS M I 0  and Rd55; (c) ratio 
of SeaWiFS &5lW555 along a ship track in the mesohaline to polyhaline CB. 

Figure 4. Monthly mean &I Q fot the plyhaline (I, 11, south of 37.8'") and mesohaline @I, IV, 
37.8 - 38.m) regions of CB from in situ (closed symbols) and SeaWiFS (open symbols) dah 
for 1998-2m. 

Figure 5. Timeseries of mean, daily SeaWiFS (open symbols) and in-situ (closed symbols) chl a 
for a section of CB from 373" to 37.8% 

FiguR 6. Histograms of in-si& and SeaWiFS &I a observations for CB, inshore and OM MAB 
for image frwn 4 May 2000: (a+) in-situ, (d-9 SeaWiFS OC4v.4, (g-i) SeaWiFS GSMOl, and 
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0-1) SeaWiFS GSMOI-CB. h-si& data fnmr the MAB were nat available fbr this image. The 
inshore and offshore MAB hist- (bc) d l e a  ail field data available for those regians 
during May-September 1996- 199%. 
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Table 1. Status of the Chesapeeke Bay data set submitted to SeaBASS. Numbers for 2003 m 
estimated based an cauisesy~to be-@eted. 

Daivecl 1996 1997 1998 1999 2000 2001 2002 2003 Direct 
Measuremmts products 
MER- 

EdO+& 
79 32 130 66 46 27 32 25 

a d 0 . d )  79 32 130 66 46 27 32 25 

Chl a (2) 323 709 591 514 330 189 I 8 2  60 

143 95 104 63 56 49 32 20 

- 30 55 49 43 26 31 20 
- - - - - - 24 15 

a#W. ~44) e) 

Pigments (2) 

T(r. X-2) 
MiaroTops 
MER~41~443,455,490,510,532,5SO,650,S89,625,671,683.700 

+ * M i  wavebds SOO, 412,443,455,490,510,532,555,565, 5s0, 625,670,684,700. 

D i m  Measuranents 
Ed44 Downwelling irrsdiance depth p f i l e s  
L4G4 Upwelling d h c e  aepth profiles 
E=@*& Incident irradiance 
aJz4 
Mz4 

u z . 4  
Chl a (z) 
Pigments (2) 

TM). Se) 

Total particulate absorption (300-900 nm) of discrete samples by QFT 
Non-pigmemtcd Pgtticulate absoqtion (3W900 nm) of discrete sampks by 
Q F T w i t h M e O H ~ ~ t m ~ t h  
C o M  dissolved absorption (1 90-820 nm) of discrete samples 
Desemination of chl P for discrete sampks by Turner fluorometry 
HPIL analysk fbr a suite of pigments 
SeaBird tmpemtum and amductivity profiles 

pf i ies 
Attenuation coefficients for E&A) and L&,& for the surface mixcd leyer, 
calculated from diancelirradiance profiles 
Pigmented padculate absorption (300-900 nm), calculated as go,&- 

K,, (m,d), K. (m,d) 

ad',& 
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